Introduction
============

Choroidal neovascularization (CNV) is characterized by an abnormal growth of blood vessels between the neurosensory retina and the retinal pigment epithelium, and is a sight threatening condition most commonly associated with age-related macular degeneration (AMD) ([@b1-etm-0-0-7235]) and pathologic myopia ([@b2-etm-0-0-7235]). Despite the development of novel therapies for CNV, including laser photocoagulation, photodynamic therapy, pharmacotherapy and targeted gene therapy, this disorder remains a leading cause of severe central vision loss in individuals above the age of 50 years ([@b3-etm-0-0-7235],[@b4-etm-0-0-7235]).

Vascular endothelial growth factor (VEGF) is a chemotactic and angiogenic factor that is considered to be a major factor in the proliferation and migration of vascular endothelial cells (ECs) in AMD ([@b5-etm-0-0-7235]--[@b7-etm-0-0-7235]). CNV has been experimentally linked to the overexpression of VEGF, which promotes choroidal endothelial cell (CEC) proliferation and migration as well as capillary-like tube formation ([@b8-etm-0-0-7235]--[@b10-etm-0-0-7235]). CECs are located on the vascular layer of the eye, known as the choroidea or choroid coat. CECs have been reported in multiple previously published studies ([@b11-etm-0-0-7235],[@b12-etm-0-0-7235]), which have demonstrated that the inhibition of angiogenic signaling in CECs is able to ameliorate the CNV process. Current treatments for CNV primarily target VEGF-mediated processes ([@b13-etm-0-0-7235]). While VEGF is a potent inducer of angiogenesis, understanding the roles of additional angiogenic stimuli would be invaluable for the development of novel CNV therapies ([@b14-etm-0-0-7235]).

The Slit guidance ligand family of proteins (Slit1, Slit2 and Slit3) are secreted extracellular matrix proteins involved in neural development, and participate in additional physiological and pathological processes, including angiogenesis, inflammation and cancer ([@b15-etm-0-0-7235]--[@b17-etm-0-0-7235]). Slit2 guides axon growth and controls neurocyte migration ([@b18-etm-0-0-7235]). The Slit proteins interact with roundabout guidance (Robo) receptors (Robo1, Robo2, Robo3 and Robo4), to mediate chemorepulsion of olfactory bulb explants *in vitro* ([@b19-etm-0-0-7235]). The Robo family of proteins are primarily expressed in the nervous system; however, they are also detectable in other tissues, including vascular, renal and tumor tissues ([@b20-etm-0-0-7235]). In addition, Slit2 has been demonstrated to influence tumor angiogenesis, growth and metastasis ([@b21-etm-0-0-7235]--[@b23-etm-0-0-7235]) while inhibiting retinal neovascularization ([@b24-etm-0-0-7235],[@b25-etm-0-0-7235]).

Previous studies have demonstrated that Slit2 may positively or negatively regulate VEGF-directed permeability depending on whether it binds to Robo1 or Robo4 receptors, respectively ([@b26-etm-0-0-7235],[@b27-etm-0-0-7235]). These and the results of additional studies suggest that Slit2-mediated responses may be determined by the tissue-specific expression of Robo1 and Robo4 receptors in ECs ([@b28-etm-0-0-7235],[@b29-etm-0-0-7235]). For instance, Slit2 inhibits hantavirus-induced enhancement of pulmonary EC permeability via a mechanism involving Robo4 ([@b30-etm-0-0-7235]); a vascular-specific receptor expressed in ECs ([@b31-etm-0-0-7235]). In addition, Robo4 mediates Slit2-mediated alternations in cell migration and tube formation in ECs. A previous study demonstrated that Robo4 activation by Slit2 inhibits VEGF-induced EC migration, tube formation and permeability *in vitro*, as well as VEGF-stimulated vascular leakage *in vivo*, by inhibiting the activation of Src family kinases ([@b24-etm-0-0-7235]). Two additional reports revealed that Slit2 interacts with Robo4 to inhibit VEGF- and basic fibroblast growth factor-induced CE migration ([@b32-etm-0-0-7235],[@b33-etm-0-0-7235]). Notably, Slit2 has also been implicated in the migration of vascular smooth muscle cells ([@b34-etm-0-0-7235]).

Despite considerable evidence supporting the important role of Slit2 in mediating the migration of various types of ECs, there is limited information regarding the effects of Slit2 on CEC migration and tube formation. The authors of the present study hypothesized that Slit2 may modulate CEC migration and tube formation induced by VEGF. To test this hypothesis, the present study assessed the effects of exogenous Slit2 on VEGF-induced CEC migration and angiogenesis.

Materials and methods
=====================

### Cell culture and grouping

All cell culture reagents were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany) unless otherwise specified. Human CECs (cat. no. CP-H092) were purchased from Procell Life Science & Technology Co., Ltd., (Wuhan, China) and cultured in complete medium consisting of M199 medium supplemented with 10% fetal bovine serum, 100 µg/ml endothelial cell growth supplement, 1,000 µg/ml heparin sulfate (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were grown in a humidified atmosphere with 5% CO~2~ at 37°C.

CECs were subjected to reverse transcription-polymerase chain reaction (RT-PCR) and immunocytochemistry analyses to detect the expression of specific genes and proteins, respectively. The cells were cultured in 6-well plates at a density of 5×10^4^ cells/ml and exposed to 0, 50, 75, 100, 125 and 150 ng/ml recombinant human Slit2-N protein (PeproTech, Inc., Rocky Hill, NJ, USA) for 8 h before they were harvested for analysis.

For cell migration and tube formation assays, cells were divided into the following 4 groups: Non-treatment control, cells cultured in M199 medium only; Slit2, cells cultured in M199 medium containing 125 ng/ml Slit2-N; VEGF, cells cultured in M199 medium containing 20 ng/ml VEGF (PeproTech, Inc.); and Slit2+VEGF, cells cultured in M199 medium containing 125 ng/ml Slit2-N plus 20 ng/ml VEGF ([@b35-etm-0-0-7235]).

### Cell migration assay

The cell migration assay was performed using 24-well plates containing Transwell inserts with 8-µm pore polyethylene terephthalate (PET) membranes separating the inner and outer chambers. CECs were seeded onto the insert at 1×10^4^ cells/ml and the appropriate medium was added to the wells according to each group. Following incubation for 8 h, cells on the PET membrane were fixed with 4% paraformaldehyde for 30 min at room temperature, while any non-migrating cells on the inner side of the membrane were removed gently with a cotton swab. Cells that had migrated through the pores onto the lower surface of the membrane were stained with 0.01% crystal violet for 20 min at room temperature, counted and photographed under an inverted microscope (BX51; Olympus Corporation, Tokyo, Japan).

### Tube formation assay

Matrigel was diluted in cold serum-free cell culture medium at a 1:1 ratio, and used to coat 96-well culture dishes for 2 h at 37°C. CECs were then resuspended in the appropriate culture medium according to each group and plated at 1×10^4^ cells/ml. Following 8 h, tubular structures were counted and photographed under an inverted microscope (Olympus Corporation). For each group, 5 random fields were selected to calculate the average number and standard deviation of tube formations.

### Immunocytochemistry

CECs mounted onto slides were treated and fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were then washed with PBS and incubated with 0.5% Triton X-100/PBS for 20 min at 4°C. Cells were blocked with 10% goat serum (cat. no. ab7481; Abcam, Cambridge, UK) for 20 min at room temperature. Factor VIII-related antigen, Slit2, Robo1 and Robo4 proteins were then detected. To do this, CECs were incubated with rabbit polyclonal anti-Factor VIII-related antigen (dilution, 1:50; cat. no. TA325456; OriGene Technologies, Inc., Rockville, MD, USA), and anti-human Slit2 (cat. no. sc-514499), Robo1 (cat. no. sc-293444) and Robo4 (cat. no. sc-166872) (all diluted at 1:1,000 and purchased from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) primary antibodies at 4°C overnight. Cells were then washed with PBS and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibodies (dilution, 1:200; cat. no. ab6721; Abcam) at 37°C for 30 min. A 3,3′-diaminobenzidine substrate kit (Sangon Biotech, Co., Ltd., Shanghai, China) was used for chromogenic detection. The nuclei were stained with 0.5% hematoxylin for 3 min at room temperature. The results were observed and photographed under an inverted microscope (Olympus Corporation).

### Western blot analysis

Cells were treated with protein lysis solution (Beyotime Institute of Biotechnology, Shanghai, China) containing 10 mM phenylmethylsulfonyl fluoride. Protein concentrations were determined using the bicinchoninic acid protein assay (Thermo Fisher Scientific, Inc.). An equal quantity (30 µg) of protein for each sample was loaded and resolved by SDS-PAGE using a 6% gel, followed by transfer onto polyvinylidene difluoride membranes (Merck KGaA). The membranes were then incubated with primary antibodies against Robo4 (dilution, 1:1,000; cat. no. sc-166872; Santa Cruz Biotechnology, Inc.) and GAPDH (dilution, 1:1,000; cat. no. ab8245; Abcam) at 4°C overnight, followed by incubation with HRP-conjugated goat anti-rabbit IgG antibodies (dilution, 1:1,000; cat. no. ab6721; Abcam) for 1 h at room temperature. Protein bands were visualized using an enhanced chemiluminescence kit (Thermo Fisher Scientific, Inc.), and protein expression was semi-quantified using Quantity One software 4.6 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### RT-PCR

Total RNA from CECs was isolated using TRIzol reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Reverse-transcription was performed using the Takara PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan). The mRNA expression levels of Slit2, Robo1, Robo4 and β-actin were assessed via PCR amplification of target cDNA sequences using TaKaRa Z-Taq™ DNA Polymerase (Takara Bio, Inc.). The thermocycling conditions were as follows: 94°C for 5 min followed by 30 cycles of 94°C for 30 sec, 60°C for 30 sec, 72°C for 60 sec, and maintenance at 72°C for 10 min. PCR products were resolved by 2% agarose gel electrophoresis, and visualized by staining with ethidium bromide. The sequences of primers used for RT-PCR are presented in [Table I](#tI-etm-0-0-7235){ref-type="table"}.

### Statistical analysis

Samples were run in triplicate and all experiments were repeated three times. The data are presented as the mean ± standard deviation and analyzed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Comparisons among groups were analyzed by one-way analysis of variance followed by the least significant difference post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CECs form confluent monolayers and largely express Factor VIII-related antigen

CECs were observed to form confluent monolayers with a cobblestone appearance under a microscope. Cells were confirmed to be vascular ECs by positive immunocytochemistry staining for Factor VIII-related antigen ([@b36-etm-0-0-7235]) in more than 95% of cells ([Fig. 1](#f1-etm-0-0-7235){ref-type="fig"}).

### CECs express Slit2 and Robo4, but not Robo1

Robo1 is expressed in retinal pigment epithelial cells and vascular endothelial cells ([@b37-etm-0-0-7235]); however, its expression profile in CECs is currently unknown. RT-PCR detected Slit2 and Robo4 mRNA expression, but not Robo1, in CECs ([Fig. 2A](#f2-etm-0-0-7235){ref-type="fig"}). Consistent with these results, immunocytochemistry analysis detected Slit2 and Robo4, but not Robo1, protein expression in CECs ([Fig. 2B-F](#f2-etm-0-0-7235){ref-type="fig"}).

### Exogenous Slit2 upregulates Robo4 protein expression in a concentration-dependent manner

Treatment with 0, 50, 75, 100, 125 and 150 ng/ml exogenous Slit2 was associated with a concentration-dependent increase in Robo4 protein levels in CECs ([Fig. 3](#f3-etm-0-0-7235){ref-type="fig"}). Robo4 protein expression levels were significantly higher in CECs treated with 125 ng/ml Slit2 when compared with cells exposed to lower concentrations (P\<0.05; [Fig. 3B](#f3-etm-0-0-7235){ref-type="fig"}). However, no significant difference in Robo4 protein expression was observed between the 125 and 150 ng/ml Slit2-treated groups. For this reason, a concentration of 125 ng/ml Slit2 was selected for subsequent cell migration and tube formation assays.

### Slit2 inhibits VEGF-induced CEC migration

Using Transwell migration assays, exogenous VEGF (10 ng/ml) was observed to enhance the migration of CECs when compared with untreated controls ([Fig. 4](#f4-etm-0-0-7235){ref-type="fig"}). Despite the observation that Slit2 treatment (125 ng/ml) alone demonstrated no significant effect on CEC migration when compared with the control group, it significantly inhibited VEGF-induced CEC migration (P\<0.05; [Fig. 4](#f4-etm-0-0-7235){ref-type="fig"}).

### Slit2 inhibits VEGF-induced CEC tube formation

As presented in [Fig. 5](#f5-etm-0-0-7235){ref-type="fig"}, CECs migrated gradually and formed connections to produce simple tubular structures of differing shapes and sizes. Treatment with VEGF (10 ng/ml) was associated with an increase in tube formation when compared with controls ([Fig. 5](#f5-etm-0-0-7235){ref-type="fig"}). Treatment with 125 ng/ml Slit2 alone demonstrated no significant effect on tube formation when compared with controls ([Fig. 5](#f5-etm-0-0-7235){ref-type="fig"}); however, Slit2 (125 ng/ml) significantly attenuated VEGF-induced tube formation (P\<0.05; [Fig. 5](#f5-etm-0-0-7235){ref-type="fig"}).

Discussion
==========

A noteworthy observation of the current study was that Slit2 and Robo4 but not Robo1, were expressed in human CECs. In addition, Robo4 was upregulated by exogenous Slit2 treatment (0--125 ng/ml) in a concentration-dependent manner. Importantly, VEGF-induced CEC migration and tube formation was inhibited by exogenous Slit2 treatment. Combined with the results of previously published studies ([@b28-etm-0-0-7235]--[@b34-etm-0-0-7235]), these results support the hypothesis that Slit2 may interact with Robo4 to inhibit VEGF-induced CEC migration and tube formation, and subsequent angiogenesis. However, further studies are necessary to confirm this hypothesis and determine whether the Slit2/Robo4 signaling pathway may present a therapeutic target for the development of novel CNV therapies.

The present study utilized RT-PCR and immunocytochemistry analyses and determined that Slit2 and Robo4 mRNA and protein were expressed in human CECs, whereas Robo1 was not. These findings corroborate previous studies demonstrating that Robo4, but not Robo1, is expressed in microvascular ECs ([@b38-etm-0-0-7235]) and pulmonary microvascular ECs ([@b30-etm-0-0-7235]). EC-specific expression of Robo4 is well established ([@b39-etm-0-0-7235]). However, in contrast to the results of previous studies, Robo1 expression was reportedly expressed in vascular ECs from rabbits with experimental proliferative vitreoretinopathy ([@b37-etm-0-0-7235]), in retinal and choroidal tissue samples from mice with experimental laser-induced CNV ([@b40-etm-0-0-7235]), in retinal tissue specimens from mice with experimental retinal neovascularization ([@b41-etm-0-0-7235]) and in human umbilical vein ECs (HUVECs) ([@b30-etm-0-0-7235],[@b40-etm-0-0-7235]). It is therefore possible that Robo1 expression in ECs is species-specific, as the majority of studies that have demonstrated positive expression of Robo1 in ECs used mouse or rabbit models. In addition, it is also possible that Robo1 expression may be enhanced under pathological conditions such as CNV and proliferative vitreoretinopathy. Therefore, although Robo4 may be the predominant isoform expressed in CECs, additional studies are required to establish whether Robo1 may also be upregulated and whether this may contribute to the pathogenesis of CNV.

The results of the present study demonstrated that Robo4 was upregulated by Slit2 treatment in a concentration-dependent manner. To the best of the authors\' knowledge, this is the first study to demonstrate that Robo4 protein levels in human CECs may be altered by Slit2. However, these results are consistent with a previously published similar study demonstrating that Slit2 overexpression in HUVECs was associated with upregulation of Robo1 expression ([@b40-etm-0-0-7235]). As Robo4 may serve a role in mediating the effects of Slit2 in attenuating VEGF-induced angiogenesis by CECs, Slit2-mediated upregulation of Robo4 would be predicted to further enhance the potentially beneficial effects of Slit2 against CNV.

In the current study, VEGF-induced CEC migration and tube formation were significantly attenuated by co-treatment with Slit2. These results are consistent with the study from Park *et al* ([@b38-etm-0-0-7235]), which reported that Slit2 inhibits VEGF-induced migration in primary human ECs. Multiple additional studies have demonstrated that Slit2 and/or Robo4 inhibit EC migration and/or tube formation induced by VEGF ([@b31-etm-0-0-7235],[@b32-etm-0-0-7235],[@b42-etm-0-0-7235],[@b43-etm-0-0-7235]). Previous reports have also revealed that Robo1 affects EC migration ([@b29-etm-0-0-7235],[@b44-etm-0-0-7235]--[@b46-etm-0-0-7235]). However, the lack of Robo1 expression observed in human CECs in the present study suggests that Robo4 may be involved in the mechanism by which Slit2 attenuates VEGF-induced CEC migration.

The current study did not investigate the potential mechanisms by which the Slit2/Robo4 signaling pathway may attenuate VEGF-induced CEC migration and tube formation. However, previous investigations have yielded some insight into these potential mechanisms. EC migration in response to VEGF requires activation of the protein kinase B (Akt)/endothelial nitric oxide synthase signaling pathway, as well as the extracellular signal-regulated protein kinase 1/2 (Erk1/2) signaling pathway ([@b35-etm-0-0-7235]). VEGF receptor (VEGFR)-2 has also been hypothesized to activate the small guanosine 5′-triphosphatase (GTPase), Rac1, via Src-dependent phosphorylation of Vav2; a guanine nucleotide-exchange factor ([@b47-etm-0-0-7235],[@b48-etm-0-0-7235]). Regarding how Slit2 may interact with these signaling pathways, Slit2-N reportedly led to VEGFR-3 internalization, thereby inhibiting PI3K/Akt signaling pathway activation by VEGF ([@b43-etm-0-0-7235]). Meanwhile, Cai *et al* ([@b31-etm-0-0-7235]) provided evidence to suggest that Robo4 inhibits VEGFR-mediated activation of PI3K/Akt and FAK signaling pathways. In addition, Slit2-N attenuates platelet-derived growth factor-mediated activation of Rac1 ([@b34-etm-0-0-7235]). Notably, Robo4-induced inhibition of EC migration is partly mediated by the Ras/Raf/Mek/Erk signaling pathway ([@b32-etm-0-0-7235]). Moreover, Robo4 mediates the effects of Slit2 by forming a complex with paxillin, which inhibits the activation of the small GTPase, ADP ribosylation factor 6, and consequently inhibits Rac ([@b25-etm-0-0-7235]). Therefore, it is possible that inhibition of VEGF-induced CEC migration by Slit2/Robo4 signaling may involve Rac1, although further studies are required to confirm this.

In conclusion, the results of the current study demonstrate that Slit2 inhibits VEGF-induced CEC migration and tube formation. Further studies are required to determine whether Robo4 is involved in these Slit2-mediated effects and to identify the underlying mechanisms. Our exploring on Slit2/Robo4 signaling related mechanisms in reducing human CEC angiogenesis would facilitate the development of novel therapies for the treatment of CNV.
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![Culture and characterization of human CECs by immunocytochemistry staining. (A) Positive staining for Factor VIII-related antigen was observed in \>95% of cultured CECs. (B) Negative control (immunocytochemistry performed without a primary antibody). Scale bar, 100 µm. CECs, choroidal endothelial cells.](etm-17-04-2443-g00){#f1-etm-0-0-7235}

![Detection of Slit2, Robo1 and Robo4 mRNA and protein expression in human CECs. (A) RT-PCR analysis yielded expected products at 176 bp and 226 bp for Slit2 and Robo4, respectively; no product for Robo1 was detected. '+' indicates the addition of target-specific primers to the reaction and '-' indicates the addition of no primers. (B-E) Immunocytochemistry analysis demonstrated positive staining for (B) Slit2, (C) Robo4 proteins and (D) Factor VIII-related antigen, but not (E) Robo1. (F) Negative control (immunocytochemistry performed without a primary antibody). Scale bar, 100 µm. Slit2, slit guidance ligand 2; Robo, roundabout guidance receptor; CECs, choroidal endothelial cells.](etm-17-04-2443-g01){#f2-etm-0-0-7235}

![Exogenous Slit2 increases Robo4 protein expression in human CECs. (A and B) Human CECs were exposed to Slit2 protein of various concentrations for 8 h, and Robo4 protein expression was quantified by western blot analysis. (A) Representative western blotting images of Robo4 protein expression upon Slit2 treatment. GAPDH was used as the loading control. (B) Semi-quantitative analysis of the western blotting results. \*P\<0.05 vs. the 0 ng/ml group and ^\#^P\<0.05 vs. the 125 ng/ml group. Samples were run in triplicate and experiments were performed three times. Slit2, slit guidance ligand 2; Robo, roundabout guidance receptor; CECs, choroidal endothelial cells.](etm-17-04-2443-g02){#f3-etm-0-0-7235}

![Slit2 attenuates VEGF-induced CEC migration. (A-E) Human CECs were treated with Slit2 and/or VEGF for 8 h. Representative photographs present the migrated cells stained with crystal violet in the (A) non-treatment control, (B) 125 ng/ml Slit2, (C) 125 ng/ml Slit2 + 10 ng/ml VEGF and (D) 10 ng/ml VEGF treatment groups. (E) Quantitative analysis of the number of migrated CECs in each experimental group. Samples were run in triplicate and experiments were performed three times. Scale bar, 50 µm \*P\<0.05, as indicated. Slit2, slit guidance ligand 2; VEGF, vascular endothelial growth factor; CECs, choroidal endothelial cells.](etm-17-04-2443-g03){#f4-etm-0-0-7235}

![Slit2 attenuates VEGF-induced CEC tube formation. (A-E) Human CECs were treated with Slit2 and/or VEGF for 8 h. Representative photographs present the tube formation in the (A) non-treated control, (B) 125 ng/ml Slit2, (C) 125 ng/ml Slit2 + 10 ng/ml VEGF treatment and (D) 10 ng/ml VEGF treatment groups. (E) Quantitative analysis of the number of tube cavities formed. Samples were run in triplicate and experiments were performed three times. Scale bar, 50 µm. \*P\<0.05, as indicated. Slit2, slit guidance ligand 2; VEGF, vascular endothelial growth factor; CECs, choroidal endothelial cells.](etm-17-04-2443-g04){#f5-etm-0-0-7235}

###### 

Sequences for RT-PCR and the sizes of PCR product sizes.

  Primer      Sequence (5′-3′)          Size (bp)
  ----------- ------------------------- -----------
  Slit2                                 
    Forward   TGGCTATCAGGGAGAAAAGTGTG   176
    Reverse   CCGCGATATGGTCTTTGTCAC     
  Robo1                                 
    Forward   CAGCACCAGCCCGACAGGAG      124
    Reverse   GCGCATCCGTATCCATATCTGAG   
  Robo4                                 
    Forward   CCACCCATATGCCAGGCTCCTAC   226
    Reverse   CCCAGAAGCAGCAGCCAGAGTG    
  β-actin                               
    Forward   GTGATCTCCTTCTGCATCCTGT    188
    Reverse   CCACGAAACTACCTTCAACTCC    

Slit2, slit guidance ligand 2; Robo1, roundabout guidance receptor 1; Robo4, roundabout guidance receptor 4; bp, base pair
